I. INTRODUCTION
Today's wireless network is undergoing a transformation driven by the proliferation of data. Explosive growth in data-driven applications is placing unprecedented demands on communication systems. The performance of current Wi-Fi technology, however, is fundamentally limited due to the radio frequency (RF) spectrum crisis and is no longer sufficient to support future big data communication. Most recently, visible light communication (VLC) has emerged as a promising technology to mitigate the looming RF spectrum crisis as well as support a faster and safer wireless network for future communications. Thus, the essential techniques, including the fabrication of fast LEDs and optimization of the modulation scheme, have been widely investigated.
However, the limited bandwidth is the key factor of an LED-based optical source in VLC. Commercial LEDs based on blue LEDs and yellow phosphor usually have a modulation bandwidth of several MHz. Using a blue filter can increase the bandwidth to 20 MHz. 1 In comparison, microLEDs based on gallium nitride (GaN) offer much smaller carrier lifetimes and lower capacitance, which increases the bandwidth from several MHz 1 to hundreds of MHz. 2 On-off keying (OOK), 
II. EXPERIMENTAL DETAILS
We employed a single GaN-based micro-LED with a pixel size of 80 µm × 80 µm, fabricated from a commercially available LED wafer grown on a c-plane sapphire substrate. The LED had a conventional p-i-n structure with an n-GaN layer, InGaN/GaN multiple quantum wells (MQWs), an AlGaN electron blocking layer and a p-GaN layer. First, Ni/Au (10nm/25nm) layers were deposited on top of the p-GaN, after which dry etching was employed to etch the Ni/Au layer and the GaN layers to form the mesas. P-contacts were formed by thermal annealing in purified air at 500 • C. Then, SiO 2 was deposited by plasma-enhanced chemical vapor deposition as the passivation layer, and apertures on the mesas were further defined by HF-based wet etching. Finally, Ti/Au (50nm/200nm) were deposited as the p-pad and n-pad to address each pixel individually. The micro-LEDs were packaged on a self-designed PCB and only the light emission from the sapphire side was used for VLC. The peak emission wavelength of the 80 µm × 80 µm micro-LED is approximately 440 nm at a driving current 40 mA. To measure the -3dB modulation bandwidth of the packaged micro-LED, a small signal modulation from an Agilent N5225 network analyzer was combined with direct current from a Yokogawa GS610 source to drive the micro-LED. The emitted light was detected by a 1.4 GHz photodetector, after which the frequency response was read from the network analyzer.
IEEE 802.11ac has been used in RF band for high-throughput Wi-Fi. Here, we introduced IEEE 802.11ac wireless networking standard to VLC and modified its carrier frequency to approximately 50 MHz, which fit the electrical-to-optical modulation bandwidth of the micro-LED as discussed above. Because the carrier frequency is 50 MHz as the central band, the used band covers from 10 MHz to 90 MHz, which is within the -3dB electrical-to-optical modulation bandwidth of microLEDs. Fig. 1 In practical applications, the NLOS VLC link relies on the reflected light from the walls. For this scenario, we studied two commercially available reflection materials for directed NLOS: mirror and ceramic. As a control experiment, a mirror-based NLOS VLC setup with several reflections was established as shown in Fig. 2 . The blue light is emitted from a GaN-based micro-LED and concentrated by a focus lens. Both the incident angle and reflected angle are 45 • due to directed reflection. After a few reflections, the directed NLOS optical power is concentrated by the focus lens and captured by an APD. The size of the receiver antenna is 63 mm in diameter, and the focus length is 63 mm. The transmitter lens was specially designed for collimating the light beam from the micro-LED. Through changing the distance between the transmitter (micro-LED) and the lens, the light beam divergence angle can be adjusted. The system performance is evaluated by the overall distance, the received power, the transmitted data rate with modulation mode, and BER. With a non-directed NLOS link, the divergent beam of the communications between a transceiver and a large field-of-view (FOV) of the receiver depend on light reflections on the wall surfaces in the room. Two commercially available materials were used: print paper and photo paper. In comparison to the directed NLOS VLC setup, we added two optical lenses at the receiver in the non-directed NLOS VLC system as shown in Fig. 3(a) with careful alignment to focus the transmission beam and narrow the receiver FOV, which can support a feasible VLC link. In Figs. 3(b) , (c), and (d), we fixed the 45 • incident angle, the 40-cm free-space transmit distance, and changed the reflected angle to 10 • , 45 • , and 70 • . The overall performance is measured by the reflected angle, the received power, the transmitted data rate with modulation mode, and BER. 
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III. RESULTS AND DISCUSSIONS
A. GaN-based micro-LED bandwidth Fig. 4(a) shows that the electrical-to-optical modulation bandwidth of the micro-LED is 92.7 MHz at the 40 mA DC bias. Note that the micro-LED has a much higher bandwidth than 92.7 MHz, but packaging the micro-LEDs on a PCB limited the achieved bandwidth. However, the 92.7 MHz bandwidth is large enough for the 80 MHz IEEE 802.11ac standard. Improved packaging techniques, such as impedance matching, will be done in our future work. Fig. 4(b) shows the -3dB electrical-to-optical modulation bandwidth of the GaN-based micro-LED with DC bias from 10 mA to 100 mA. In this range, higher currents lead to the bandwidth increasing from 57.8 MHz to 107.6 MHz. Then the tendency keeps steady for the bandwidth saturation.
B. Optimal operating condition
The VLC link has been built by a single GaN-based micro-LED and modified IEEE 802.11ac standard, in which DC bias dominates the bandwidth of the micro-LED and the optical carrier frequency determines the band used in the modified IEEE 802.11ac standard. In the micro-LED bandwidth experiment, it shows that the bandwidth increases dramatically when DC bias goes up to 40 mA. If DC bias continually increases, the bandwidth will increase slightly because it is saturated by both PCB impedance matching and the micro-LED itself. Considering the aging characteristics of the micro-LED, 12 we chose 40 mA for the optimal operating conditions because larger DC bias might reduce the lifetime of the micro-LED. Besides, the larger DC bias over 40 mA leads to the higher light intensity, which might be threat to eye health.
Also, optical carrier frequency is the key factor to the VLC link band when using a modified IEEE 802.11ac standard. As 80 MHz channels were employed in VLC, a low optical carrier frequency moved the used band close to DC. Therefore, the quality of VLC became worse, because DC noise was brought into VLC. On the contrary, when a high optical carrier frequency was used, the band moved beyond the -3dB bandwidth (92.7 MHz) of the packaged micro-LED when the DC bias was at 40 mA. Fig. 5(a) demonstrates the relationship between DC bias and BER of VLC link. Fig. 5(b) demonstrates the relationship between optical carrier frequency and BER of the VLC link using a modified IEEE 802.11ac with 256 QAM modulation scheme. The VLC link with 50 MHz carrier frequency and 40 mA DC bias offers a BER of 6.2×10 -5 . These characteristics proved that the optimal operating current is 40 mA and optical carrier frequency is 50 MHz.
C. LOS VLC
The LOS VLC using a GaN-based micro-LED and modified IEEE 802.11ac standard was established as shown in Fig. 2 . According to this modified standard, the LOS VLC link at optimal operating condition using 80 MHz channels and 400 ns guard interval achieves a data rate of 433. We also investigated the distance loss of LOS VLC within different distances over a range from 0.2 m to 3.6 m by measuring the received power and BER as shown in Fig. 7 . The 3.6 m distance was limited by the size of our lab, and longer distance communication will be done in the future. It shows that received power decreased from 1.22 mW to 0.91 mW and thus BER kept a stable value of approximately 5×10 -5 when the transmit distance increased. The distance loss largely depended on the proposed optics at both the transmitter and the receiver.
D. Directed NLOS VLC
Previous studies on VLC only assumed LOS between the transmitter and the receiver. 8, 9 Thus the transmission loss of indoor VLC is mainly related to the transmit distance, which determines the received optical power by LOS. In practice, the LOS light is usually blocked by obstacles between the transmitter and the receiver. Therefore, NLOS VLC link based on reflections can be utilized to keep communication functional. 13, 14 There are two kinds of transmission loss in NLOS VLC link: distance loss and reflection loss. The distance loss of LOS VLC link has already been discussed above. The mirror-based reflectivity is 0.91 while the ceramic-based reflectivity is 0.07 based on the incident optical power and reflected optical power. These results illustrate that the reflection loss is the principal loss in NLOS VLC. Table I shows the system performance of directed NLOS VLC measured by the overall distance, the received power, transmitted data rate with modulation mode, and BER. The mirror-based NLOS VLC can still offer an effective high-speed communication link at a data rate of 433.3 Mbps and a BER of 10 -5 . Ceramic, as the traditional wall material, was also employed in directed NLOS VLC. The result in Table I illustrates that after two ceramic-based directed reflections, the received optical power decreased dramatically to -22.22 dBm when background noise exerted a large impact to signal to noise ratio (SNR). Even if the SNR of the ceramic-based NLOS VLC cannot support the high-speed link with 256 QAM, the modified IEEE 802.11ac standard with QPSK modulation scheme can be applied to this link at a data rate of 97.5 Mbps and a BER of 9.3×10 -5 . We can also conclude from this that the proposed VLC link is suitable for visible light communication with very weak light due to the combination of the high-sensitivity APD, noise resistive modulation scheme, large bandwidth of micro-LED, and proposed optics.
E. Non-directed NLOS VLC
Besides directed NLOS VLC, the non-directed NLOS VLC was demonstrated experimentally in our work. In the modeling literature, 15, 16 it has been found that the intensity via diffuse paths is much weaker than that via LOS paths. The power via an LOS path is about ten times higher than that via the first reflective path. In the non-directed NLOS VLC experiment in our work, the intensity via an LOS path is 37.3 times greater than that via the first print paper reflective path and 32 times higher than that via the first photo paper reflective path. Table II shows the overall performance of non-directed NLOS VLC evaluated by the reflected angle, received power, transmitted data rate with modulation mode, and BER. Diffuse reflection of non-directed NLOS VLC was uniformly distributed in different reflection angles when using print paper. With a 45 • incident angle light, non-directed NLOS VLC can provide an effective 
where the Q function is defined as:
Here, γ b is defined as
, named SNR per bit. The measured results in Table I and Table II were validated by the theoretical calculations.
Furthermore, this work built the relationship between NLOS VLC performance and different kinds of reflection materials, which can offer constructive suggestions to the office wall decoration. The suitable office wall decoration can strengthen the reflective effect of NLOS VLC applications. In future NLOS VLC work, we expect that automatic alignment with mechanical system and integrated collimated lens will be achievable, to make this experiment further close to real world VLC applications.
IV. CONCLUSIONS
The NLOS VLC using a single GaN micro-LED was experimentally demonstrated in this work. For the feasibility of VLC, several advanced approaches were utilized such as the 92.7 MHz modulation bandwidth of the micro-LED, the modification of IEEE 802.11ac standard, and the proposed optics. All these techniques offered a high-speed LOS VLC at a data rate of 433 Mbps and a BER of 5×10 -5 at a free space transmission distance of up to 3.6 m. Moreover, based on these techniques we also provided a possible VLC link in both directed NLOS and non-directed NLOS. Specially, nondirected NLOS VLC was achieved with 16 QAM modulation at a data rate of 195 Mbps and a BER of 10×10 -5 via one reflection. Beyond theoretical analysis, the first experimental demonstration of practical implementation of NLOS VLC shows significance for indoor VLC system establishment.
